This paper describes the influence of rotor eccentricity on the vibration characteristics of a concentrated winding interior permanent magnet synchronous motor (IPMSM) by using a finite element method (FEM) and several measurements. The rotor eccentricity primarily caused an increase in radial electromagnetic force. In addition, an IPMSM with rotor eccentricity has higher vibration acceleration than an IPMSM without rotor eccentricity.
Introduction
Improvement in energy use is being promoted in recent years in products that feature motors due to social backgrounds such as an awareness for the global environmental problem, and a pursuit of a greater efficiency in a drive system has become an important issue today. For this reason, a development of highly efficient technology for motor as well as energy-saving technology for products is being encouraged, and the use of a small-scale and highly efficient permanent magnet synchronous motor (PMSM) is expanding to various fields including home appliances, industries, and automobiles
(1) (2) . In particular, a policy called "Top-Runner Program" was introduced under the Revised Energy Conservation Act of April 1999 for particularly energy-intensive home appliances such as air conditioners and refrigerators, in which the appliances are required to reach a performance standard greater than the performance of the most energyefficient product released in a predefined baseline year. For this reason, further improvement of the efficiency in PMSM, installed on compressors that account for a majority of the power consumed in air conditioners and refrigerators, etc., has become imperative (3) (4) . Recently, a concentrated winding type is especially employed frequently since the size of its end winding can be reduced, and it can be miniaturized while easily improving its efficiency. On the other hand, problems such as a rising temperature, vibration, and noise have become apparent as a result of an increased space harmonics of the magnetic flux caused by the use of a concentrated winding, as well as an appearance of permeance pulsation and nonlinear magnetic properties of an iron core a) Correspondence to: Ryoichi Takahata. E-mail: ryoichi.takahata.
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Various factors are associated with causes for vibration and noise in PMSMs, which makes this problem a very difficult one to solve. As a result, approaches to the problem have been made from diverse perspectives (5) - (9) . Examples of reported approaches include a method that considers the effect of skewing where major impact is the reduction of the cogging torque and torque ripple, such as skewing the slot for a stator (5) , skewing the shape of the magnet (6) , step skewing (dividing) the magnet in the direction of the axis (6) (7) , and skewing the magnetization (8) . However, past literature has indicated that a major cause of the vibration and noise in PMSMs is a distortion of the stator shape as a result of a large radial electromagnetic force generated between the rotor and stator (9) - (12) . Among studies that evaluated the impact of radial electromagnetic force on vibration and noise by a motor, one study has considered the correlation between the rotor eccentricity and the radial electromagnetic force that increases due to a circulating current that runs between the parallel circuit of a stator in interior PMSMs with distributed winding (13) . Specifically, the study looked at an 8-pole, 36-slot motor with distributed winding and an 8-pole, 48-slot motor with distributed winding for automotive applications, investigated the vibration and noise caused by mutual interactions between the radial electromagnetic force by coil connections and the rotor eccentricity, and reported an increase in the component for rotational frequency in the multiple of 8 m as well as an increase in frequency components in the multiples of (8m+1) and (8m−1).
On the other hand, among studies that evaluated the impact of rotor eccentricity and radial electromagnetic force on vibration and noise of the motor with respect to an interior PMSM with a concentrated winding, one study has considered the amount of increase in the rotor eccentricity and the noise emitted from the surface of the stator in a 4-pole, 6-slot motor with concentrated winding for rotary compressor, and c 2019 The Institute of Electrical Engineers of Japan.
Influence of Rotor Eccentricity on Vibration Characteristics of Permanent Magnet Synchronous Motor Ryoichi Takahata et al. found that the vibration by a resonance between an increase in radial electromagnetic force of the time 4 th order component and eigenvalue of the rotor was dominant (14) . However, in the case of an interior PMSM with concentrated winding, a very large number of harmonic components is included in the distribution of magnetic flux generated by the armature winding due to a smaller number of slots and a lower winding factor compared to an interior PMSM with distributed winding. Therefore, there is a need to identify the impact on vibration and noise by the radial electromagnetic force caused by these harmonic components and the rotor eccentricity.
At the same time, armature current that flows through the parallel circuit between the stator, magnetic flux density distribution at the gap, and radial electromagnetic force in interior PMSMs with concentrated winding have not been investigated in depth with respect to rotor eccentricity thus far.
Therefore, this study aimed to identify the impact of rotor eccentricity on armature current that flows between the parallel circuit of the stator, magnetic flux density distribution at the gap, and radial electromagnetic force in interior PMSMs with concentrated windings. For this objective, magnetic field analysis was performed by using a twodimensional finite element method and considered the generated harmonic component. Armature current and vibration acceleration were measured and the generated harmonic component was validated using an actual device.
As a result, this study found that radial electromagnetic force increased due to an imbalance in armature current in between parallel circuit of the stator and odd-order components of time in the multiple of (6n±1) increases with the presence of a rotor eccentricity. Along with an increase in radial electromagnetic force, the study also verified that the vibrational acceleration of the motor increases by 1.5 dB through an actual device. Figure 1 shows the rotor eccentricity. Figure 1 (a) shows a static eccentricity while Fig. 1(b) shows a dynamic eccentricity. Rotor eccentricity can be divided into a static eccentricity and a dynamic eccentricity. As Fig. 1(a) shows, static eccentricity of the rotor is a state in which the center axis of the rotor and the center axis of the stator, both of which are fixed to the shaft by shrink-fitting are offset in parallel. On the other hand, as shown in Fig. 1(b) , dynamic eccentricity of the rotor is a state in which the center axis of the rotor and the center axis of the stator are at an angle. As discussed, there are two types of rotor eccentricity. A stator is fixed by shrink-fitting onto the camber in a PMSM installed on a compressor, which causes a static rotor eccentricity. Therefore, this study investigates a case in which a static eccentricity has occurred for a rotor. Figure 2 shows a configuration of the PMSM used in this study, while Table 1 shows the specifications. Figure 2(a) shows an overview of the structure, while Fig. 2(b) shows the winding structure of the PMSM. As shown in the figure, PMSM is an interior-type with 4-pole, 6-slot and concentrated winding, and the rotor is structurally characterized by a core at the space between the poles of the permanent magnet that has been cut to reduce leakage flux at the edge of the permanent magnet, while the outer periphery of the rotor has steps where the angle of the magnetic pole is approximately 60 degrees to convert the induced electromotive force to a sinusoidal wave (4) . On the other hand, a stator is a concentrated winding with a double-parallel Y-connection. Figure 2 (a) shows a state for static eccentricity of a rotor, where offset direction of the rotor is in +X direction and the static eccentricity takes place at 25% of the gap length when the center of the teeth to which the V-phase coil is wrapped is the X-axis, and the orthogonal axis is the Y-axis. At this point, gap length of the motor is different between the length in the +X direction and -X direction, and induced electromotive force between the parallel circuit in each phase becomes unbalanced. As a result of this unbalance, a circulating current is generated between the parallel circuit of each phase. Additionally, uneven gap length causes a compression in magnetic flux density distribution at the gap, which may increase the harmonics of the magnetic flux and radial electromagnetic force (4) . Therefore, an impact of a static eccentricity of the motor on an armature current, magnetic flux density at the gap, and the radial electromagnetic force is evaluated by a magnetic field analysis using a two-dimensional finite element method.
Overview of the Tested Motor

Characteristics Analysis for Rotor Eccentricity by Magnetic Field Analysis
Conditions and Method of Analysis
This section discusses a method of a nonlinear, non-steady analysis that simultaneously uses a magnetic field analysis based on a two-dimensional finite element method and a voltage equation for the analysis of PMSM mentioned in chapter 2 (15) . Table 2 shows the conditions of the analysis. In the magnetic field analysis, an armature current, magnetic flux density at the gap, and radial electromagnetic force are calculated when a fundamental voltage is applied such that the amplitude of the current is minimized at the load torque shown in Table 2 .
Next, a procedure for processing in harmonic analysis method is discussed. This method is based on a Fourier series expansion, and calculates the amplitude, degree, and phase angle of the harmonic component of the physical quantity obtained from the result of a magnetic field analysis (16) (17) . The rest of this section uses the magnetic flux density as an example to show how this process works.
If a spatial distribution of the magnetic flux density with respect to the circumferential position x s at the gap on stator coordinate system at an arbitrary time t in magnetic field analysis can be expressed as b t (x s ), it is express as follows:
where B k is the amplitude of k-th space harmonics in magnetic flux density, and αk is the phase angle of the b t (x s ).
Magnetic flux distribution expressed in equation (1) only contains information on space harmonics at the time of each analysis. Table 2 . Analysis conditions Next, if k-th space harmonics in magnetic flux density at the circumferential position x s at the gap on the stator coordinate system changes by time t as b kx (t), then it is expressed as follows:
where B kv is the amplitude of k-th space and v-th time harmonics in magnetic flux density, ω is the angular frequency of the fundamental component, and α kv is the phase angle of b kx (t).
Amplitude of the magnetic flux density expressed by equation (2) varies if the position of the rotor varies, even at the same time where magnetic flux density component contains space harmonics order. In other words, magnetic flux density of equation (2) is defined by the circumferential position x s at the gap of the stator coordinate system and the direction of rotation cannot be defined when treating the magnetic flux density is treated as a wave, thus the order of time harmonics on the rotor coordinate system is unknown. Therefore, this method decomposed by space and time harmonics into positive component and negative component, and describes each space and time harmonic components as a function of the circumferential position x s at the gap and time t on the stator coordinate system.
If the amplitude of the magnetic flux density of k-th space and v-th time harmonic components extracted at x sa and x sb on stator coordinates are B kva and B kvb , respectively, and the phase angle are α kva and α kvb , respectively, then the magnetic flux density of k-th space and v-th time harmonic components at x sa and x sb can be rewritten as the next equation:
where B kvp is the positive component of the amplitude of the k-th space and v-th time harmonic components, B kvn is the negative component of the amplitude of the k-th space and vth time harmonic components, α kvp is the positive component of the phase angle of the k-th space and v-th time harmonic components and α kvn is the negative component of the phase angle of the k-th space and v-th time harmonic components. Amplitude and phase angle of the positive and negative components can be obtained by arranging equations (3) and (4) . While the pair of points on the stator coordinates, x sa and x sb , can be selected infinitely on the analyzed line segment, a pair of points where the absolute value of the amplitude of the magnetic flux density becomes maximum and minimum values, respectively, will be extracted for this study (16) . By the processing discussed above, magnetic flux density obtained as a result of a magnetic field analysis can be expressed by the next equation as a magnetic flux density distribution b(x s , t):
As shown in equation (5) negative parts, where a positive time order represents a rotating field in the same direction as the rotational direction of the rotor, and a negative time order represents a rotating field in the opposite direction as the rotational direction of the rotor. On the other hand, the harmonic analysis method discussed above can also be applied to the radial electromagnetic force distribution f r (x s , t) . In other words, radial electromagnetic force Fr at a given circumferential position and time at the gap is expressed as the following equation by using Maxwell's stress equation, and if this is processed through the analysis method shown through equations (1) to (5), a similar harmonic analysis can be performed:
where B r is the gap magnetic flux density in the radial direction, B θ is the gap magnetic flux density in the circumferential direction, and μ 0 is the magnetic permeability of the vacuum. On the other hand, space order k is related to the deformation in the radial direction, and conversion to annular mode number n is performed by the next equation when the number of poles for PMSM is P:
Past literature has noted that spatial first-order (second-order annular mode) of the vibration and noise from a 4-pole PMSM often becomes a problem (17) (18) . Time order is the mid-high range band (1 kHz-4 kHz), which is problematic in terms of auditory perception (17) (18) . Therefore, vibrational factors of the motor were analyzed by focusing on the following points.
Calculation Results of the Armature Current
This section discusses the calculation results for an armature current of the motor. Figure 3 shows an armature current in a case without a rotor eccentricity, and Fig. 4 shows the calculation result for an armature current in a case with 25% rotor eccentricity. In the figures, (a) is the waveform of the armature current, and (b) is the result of harmonics analysis of the armature current. Here, an armature current of each parallel circuit shows only the V-phase that is affected the most by the eccentricity, which corresponds to Iv1 and Iv2 in Fig. 2(b) . Fundamental r.m.s. value of the armature current was also set as 1 p.u. in a case without eccentricity.
As shown in Fig. 3(a) , in a case without eccentricity, waveform of Iv1 and Iv2 becomes identical, e.g. both are 0 A and the phase is the same at an electrical angle of 0 deg. As shown in Fig. 3(b) , in a case without rotor eccentricity, there is no difference in harmonic component of Iv1 and Iv2, and both are identical.
However, as shown in Fig. 4(a) , waveform for Iv1 and Iv2 are different with 25% rotor eccentricity, e.g. the waveform is a positive value for Iv1 at an electrical angle of 0 deg. while the waveform is negative for Iv2, and therefore, the phase of the armature current is different. As shown in Fig. 4(b) , a difference is observed in the harmonic component of Iv1 and Iv2 when the rotor eccentricity is at 25%, where the component is smaller for Iv2 compared to Iv1. At the same time, the figure shows that even components at 2nd and 4th and 3rd-order component are generated. This is because the difference in gap length of the motor causes an imbalance in induced electromotive force between parallel circuits of each phase, leading to a weakened non-linearity for Iv2, where the gap length is smaller than the that of Iv1. In particular, its impact is significant for the harmonic component at time of 6n±1 order, where the impact is great for 11th, 13th, 17th and 19th-order in terms of the changes by the presence or absence of eccentricity, in spite of the small value for electric current.
This may be influenced by the rotor structure, where the core at the space between the poles of the permanent magnet is cut and steps are developed on the outer periphery of the rotor to reduce the harmonic magnetic flux at the mid-high range band to turn the induced electromagnetic force into a sinusoidal wave. Therefore, the next section investigates the impact of changes in armature current on magnetic flux density at the gap and the radial electromagnetic force.
Calculation Results for the Magnetic Flux Density at the Gap in Radial Direction
This section discusses the calculation results for a magnetic flux density at the gap in the radial direction of the motor. Figure 5 shows a comparison of calculation results for magnetic flux density at the gap in the radial direction of a positive component in spatial first-order, and Fig. 6 shows a comparison of calculation results for magnetic flux density at the gap in the radial direction of a negative component in spatial first-order. In these figures, (a) is the calculated result for a case without eccentricity, and (b) is a case with 25% eccentricity. Figures show that even-order component has increased for both positive and negative components of the magnetic flux density at the gap in the radial direction in the case with 25% eccentricity than the case without eccentricity. This is because the gap length of the motor becomes uneven with the presence of a rotor eccentricity, causing a compression of the magnetic flux density distribution at the gap.
Calculation Results for Radial Electromagnetic Force
This section discusses the calculation results for radial electromagnetic force. Figure 7 shows a comparison of calculation results for radial electromagnetic force of a positive component in spatial first-order, while Fig. 8 shows a comparison of calculation results for radial electromagnetic force of a negative component in spatial first-order, respectively. In these figures, (a) is the calculated result for a case without eccentricity, and (b) is a case with 25% eccentricity. The figures show that, in comparison with the case without eccentricity, the oddorder components have increased for both positive and negative components of the radial electromagnetic force in a case with 25% rotor electricity.
In particular, odd-order components in the mid-high range band at 17 th to 31 st (n = 3, 4, and 5 for time order of 6n±1) order have increased for both positive and negative components of the radial electromagnetic force in the case with 25% rotor eccentricity. As shown in figures 5 and 6, gap length of the motor becomes uneven with a rotor eccentricity, which causes the magnetic flux density distribution at the gap to compress, which in turn causes the even-orders of harmonics of the magnetic flux to increase. As noted in the section that discussed the armature current, this change is significant in mid-high range band due to the influence by the rotor structure that suppresses harmonics of the magnetic flux at the mid-high range band and converts the induced electromotive force into a sinusoidal wave. Therefore, the impact of changes in radial electromagnetic force on the vibration acceleration is verified by using an actual device.
Evaluation of the Impact under Rotor Eccentricity by Actual Measurements
A prototype PMSM discussed in chapter 3 was developed to verify the validity of the calculation results by measuring the armature current and vibration of the motor driven by a 180-degree electrified PWM inverter, and evaluated the impact of rotor eccentricity on the vibration. Figure 9 shows the configuration for motor characteristics measurement system, and Table 3 shows the conditions for measurement. As shown in Fig. 9 , switch B was opened and switches A and C were closed and the test motor was driven using a PWM inverter on the test motor side to measure motor characteristics under a load. Carrier frequency f c was 4.1 kHz. Measured items were rotational speed, torque, armature current, phase angle β, and vibration acceleration.
Conditions and Method of Measurements
The sensor used to measure the vibration acceleration of the motor was a single-axis type, and measurements were taken in a radial direction. The sensor was fixed by mounting a magnet, and the sensor was capable of measuring up to 10 kHz in terms of a frequency band.
Measurement Results for Armature Current
This section discusses measurement results for the armature Fig. 9 . Constitution of the motor characteristics measurement system Table 3 . Drive conditions impact of eccentricity is the most significant, which is the Iv1 and Iv2 from Fig. 2(b) . Fundamental r.m.s. value of the armature current without eccentricity was 1 p.u.
As shown in Fig. 10(a) , in a case without eccentricity, waveform for both Iv1 and Iv2 were identical, e.g. the phase was identical at 0 A when the electrical angle was 0 deg. for both. As shown in Fig. 10(b) , in a case without eccentricity, no difference was observed for harmonic component of Iv1 and Iv2, and both of them were identical.
On the other hand, compared with the case without eccentricity, a difference was observed in terms of the r.m.s. and phase of the armature current in a case with 25% rotor eccentricity. Trends matched closely with the calculation results for armature current shown in Fig. 3 . However, while the harmonic component of the armature current matched closely at 5 th order, difference was smaller for measurements at 7 th , 11 th , 13 th , 17 th , and 19 th order than in the calculated results. In particular, this influence became more significant as the order became greater. We would like to investigate this finding in a separate paper in the future.
Measurement Results for Vibration Acceleration
This section discusses the measured results for vibration acceleration of the motor. Figure 12 shows a comparison of measurements for vibration acceleration. In the figure, (a) is the measured result for a case without eccentricity, and (b) is a case with 25% eccentricity. The figure shows that, compared to the case without eccentricity, vibration acceleration of the motor increases at mid-high range band (1 kHz-4 kHz) in a case with 25% rotor eccentricity. As shown in figures 5 and 6, gap length of the motor becomes uneven with a rotor eccentricity, which causes the magnetic flux density distribution at the gap to compress, which in turn causes the even-orders of harmonics of the magnetic flux to increase. As a result, harmonic components in the mid-high range band at 17 th to Overall value of the vibration acceleration was greater by 1.5 dB for the case with 25% rotor eccentricity than the case without eccentricity. Based on calculations for radial electromagnetic force in figures 7 and 8, an overall value was calculated based on the presence and absence of an eccentricity.
Radial electromagnetic force level (REFL) was calculated by using equation (8):
where f is the calculated radial electromagnetic force [N/m 2 ]. When the level per frequency of the REFL calculated by
, overall value L (dB) was calculated by using equation (9) As a result, positive component of Fig. 7 was 30.6 dB for a case with 25% rotor eccentricity, which has increased by 0.8 dB from 29.8 dB in a case without eccentricity. Negative component from Fig. 8 was 37 .5 dB for a case with 25% rotor eccentricity, which has increased by 0.5 dB from 37.0 dB in a case without eccentricity. Therefore, the PMSM with concentrated winding investigated by this study showed a correlation between the magnetic flux density distribution at the gap as well as radial electromagnetic force and harmonic component as well as the size of the vibration acceleration, all of which were evaluated quantitatively.
Conclusion
This paper performed a magnetic field analysis using a two-dimensional finite element method to identify the impact of rotor eccentricity on armature current that runs between the parallel circuit of the stator, magnetic flux density distribution at the gap, and radial electromagnetic force of an Influence of Rotor Eccentricity on Vibration Characteristics of Permanent Magnet Synchronous Motor Ryoichi Takahata et al. interior PMSM with concentrated winding, and investigated the harmonic component that is generated as a result. The study also used a prototype to measure the armature current and vibration acceleration to verify the generated harmonic component using an actual device.
As a result, this study found that the rotor eccentricity causes an imbalance in the armature current between the parallel circuit of the stator, and confirmed an increase in evenorder components in both positive and negative components of the magnetic flux density at the gap in a radial direction. Radial electromagnetic force also increased due to a compression of the magnetic flux density distribution at the gap, and odd-order components of time in the multiple of (6n±1) increased in the PMSM with concentrated winding.
In particular, this study found that radial electromagnetic force in 17the-31th (1 kHz-4 kHz) time order increases due to the rotor structure, where harmonics of the magnetic flux in a mid-high range band is reduced. An experiment in this study also showed that the vibration acceleration of a motor increases by 1.5 dB due to an increase of radial electromagnetic force.
This paper found the frequency band by the rotor eccentricity on armature current, magnetic flux density distribution at the gap, radial electromagnetic force, and vibration acceleration, which would contribute to a better configuration of carrier frequency for an inverter that avoids resonance and future considerations for a motor structure.
